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Abstract
Voltage-dependent anion channel (VDAC, also known as mitochondrial porin) is acknowledged to play an important role in
stress-induced mammalian apoptosis. In this study, Paralichthys olivaceus VDAC (PoVDAC) gene was identified as a virally
induced gene from Scophthalmus Maximus Rhabdovirus (SMRV)-infected flounder embryonic cells (FEC). The full length of
PoVDAC cDNA is 1380 bp with an open reading frame of 852 bp encoding a 283 amino acid protein. The deduced PoVDAC
contains one a-helix, 13 transmembrane b-strands and one eukaryotic mitochondrial porin signature motif. Constitutive expression
of PoVDAC was confirmed in all tested tissues by real-time PCR. Further expression analysis revealed PoVDAC mRNA was
upregulated by viral infection. We prepared fish antiserum against recombinant VDAC proteins and detected the PoVDAC in heart
lysates from flounder as a 32 kDa band on western blot. Overexpression of PoVDAC in fish cells induced apoptosis. Immunofluor-
esence localization indicated that the significant distribution changes of PoVDAC have occurred in virus-induced apoptotic cells.
This is the first report on the inductive expression of VDAC by viral infection, suggesting that PoVDAC might be mediated flounder
antiviral immune response through induction of apoptosis.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The voltage-dependent anion channel (VDAC, also known as mitochondrial porin), is a 30e32 kDa channel-form-
ing protein mainly found in the outer mitochondrial membrane (OMM) of all eucaryotes, which provides the predom-
inant pathway for diffusion of ions and metabolites (e.g., ATP, ADP, succinat) across the OMM [1,2]. Moreover,
changes in the level of expression, spatial distribution or activity of VDAC may affect the Ca2þ signal delivery of
* The nucleotide sequence data reported in this paper has been submitted to the GenBank under accession number DQ821474.
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602 A.-J. Lu¨ et al. / Fish & Shellfish Immunology 23 (2007) 601e613the mitochondria [3]. VDACs are encoded by a multigene family encoding distinct isoforms [4e6]. The secondary
structure of eukaryotic VDACs, which forms a barrel-like structure that spans the membrane, consists of one a-helix
and 13 or 16 b-strands [7,8].
In addition, VDAC plays an important role in stress-induced apoptosis [9e11]. The stress-activated VDAC induces
cytochrome c release via regulating OMM permeability, which leads to the initiation of apoptosis [12,13]. The expres-
sion level of VDAC may serve as a crucial factor in the process of apoptosis [14,15]. It is believed that VDAC
undergoes extensive conformational changes in response to chemotherapy stimuli, and its upregulation expression in-
duced by drugs has been reported in mammals [16e18].
However, the regulation and functional relevance of VDAC to viral infection remains unknown in fish [19e21].
Using flounder as a experimental model to study stress-induced immune response, we have cloned several anti-viral
and immune related genes such as Mx, Hsp40 and PEDF [22,23]. In this study, we characterized a fish VDAC homo-
log, Paralichthys olivaceus PoVDAC, analyzed its differential expression in healthy flounder tissues and virus-
infected FEC cells, the subcellular distribution was displayed by immunofluorescence staining using fish antiserum.
2. Materials and methods
2.1. Cloning of PoVDAC full-length cDNA
A subtractive cDNA library was constructed according to our reports [24]. A SMART cDNA library was con-
structed with mRNA derived from virally induced FEC cells [22]. RACE-PCR was used to clone the full-length
cDNA of PoVDAC gene. Typically, a pair of primers, VDAC-F and VDAC-R, was designed according to the sequence
of screened EST homologous to known VDACs (Table 1). Using SMART cDNA as templates, the combination of
universal primer SMART F and VDAC R, universal primer SMART R and VDAC F was used for 50 and 30
RACE-PCR, respectively. The generated PCR products were ligated into the pMD18-T vector (Takada) and trans-
fected into competent strain DH5a. At least three clones per product were sequenced with vector primers. The
full-length cDNA of flounder VDAC was composed of 50 RACE sequence and 30 RACE sequence.
2.2. Sequence, secondary structure and phylogenetic tree analyses
A Prosite search was done to find consensus motifs (http://myhits.isb-sib.ch/cgi-bin/motif_scan). Multiple
sequence alignments were carried out with 7 VDAC sequences from human, mouse, frog, flounder, zebrafish, fly
and yeast by using the ClustalX program. The secondary structure was predicted at ExPASy Molecular Biology Server
(http://www.expasy.org/tools/).
Table 1
Primers used for PCR amplification and expression analysis
Primer Sequence (50-30)
VDAC-F CATCTACCAGAAGGTGAGCG
VDAC-R CCTCCAGCGTTGATGTTCTT
Smart-F1 AGTGGTATCAACGCAGAGTG
Smart-F2 AGAGTGGCCATTACGGCCGGG
Smart-R GAGGCGGCCGACATGTTTTTTTT
b-actin-F CACTGTGCCCATCTACGAG
b-actin-R CCATCTCCTGCTCGAAGTC
PoVDAC-F ACAGCACACGCTTCGGTATT
PoVDAC-R CCTCCAGCGTTGATGTTCTT
PoVDAC-F1 AATTTGGTACCGATACAATGGCCG
PoVDAC-R1 CTCGAAAGCTTAGGCTTCCAGTTCC
PoVDAC-F2 AGATCTTACCGATACAATGGCCG
PoVDAC-R2 GGTACCATCTAAGGCTTCCAGTTCC
PoVDAC-F3 AAGCTTTTACCGATACAATGGCCG
PoVDAC-R3 CTCGAGATCTTAGGCTTCCAGTTCC
The restriction enzyme recognition sites are in italic.
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of public database obtained a dogfish sequence (AAF65254) to be homologous to known VDACs, and two sequences
(AAQ97862, NP_956511) to be the closest to zebrafish VDAC2. Based on data mining strategy, a pufferfish VDAC
ORF was contiged by a search of EST database. Phylogenetic analysis was performed and analyzed by using PHYLIP
package (version 3.572c). A neighbour-joining phylogenetic tree was constructed with 28 VDAC sequences from
mammals, amphibians, fish, arthropods, urchins and fungi, respectively (Table 2).
2.3. Cells induction and fish culture
UV-inactivation of turbot Scophthalmus maximus rhabdovirus (SMRV) was done as previously described [25].
Flounder Paralichthys olivaceus embryonic cells (FEC) and Epithelioma papulosum cyprinid (EPC) cells were main-
tained in DMEM and 199 medium supplemented with 10% foetal calf serum at 25 C, respectively. FEC cells were
washed three times with non-FCS DMEM, then treated with either inactivated SMRVor non-FCS DMEM as control.
Incubation of inducers with cells for 2 h, the cells were washed again and then maintained in fresh DMEM for 6 h.
Prior to sampling, fish were maintained under lab conditions for 2 weeks, and no clinical signs were observed
during this period. The expression analyses of PoVDAC were performed as described earlier [22,26].
2.4. RNA extraction, reverse transcription and real-time PCR
The total RNAwas extracted by SV Total RNA isolation System (Promega), from healthy flounder 10 tissues (liver,
spleen, kidney, skin, heart, muscle, brain, intestine, testis and gill), normal and induced-FEC cells, respectively. Total
RNA was reverse-transcribed into cDNA by random primers using a RevertAidMinus First Strand cDNA Synthesis
Kit (Fermentas). The samples were analysed by Real-time.
Real-time PCR was performed in DNA Engine Chromo 4 Real-Time System (MJ Research) with SYBR Green I
Dye. The primers PoVDAC-F and PoVDAC-R (Table 1) were used to detect PoVDAC mRNA, and the specificity of
the primers to PoVDAC was confirmed by sequence analysis of the amplified product. PCR reaction was performed in
a volume of 20 ml, containing 1 ml cDNA as templates, 0.2 mM of each primer, 1 U of Taq polymerase (MBI, Fermen-
tas), 0.2 mM of each dNTP, 1  buffer for Taq polymerase. PCR conditions were as follows: 94 C for 3 min, 94 C
for 20 s, 56 C for 20 s, and 72 C for 20 s for 40 cycles, followed by 72 C for 10 min, and analysis of melting curve
to identify specific PCR products and primer dimers when the temperature increased slowly from 60 to 90 C. All
samples, together with a control without template, were analyzed in triplicate. The expression of VDAC gene was cal-
culated as relative folds of the expression of b-actin (endogenous control gene) according to the 2DDCT methods [27].
For spatial expression of VDAC, the data are presented as the fold change in VDAC gene expression in tissue normal-
ized to b-actin using that of spleen as a calibrator. The mean of the results of three replicates is plotted and the error
Table 2
Twenty-eight VDAC sequences used for construction of phylogenetic tree
Species Protein Accession no. Identity Species Protein Accession no. Identity
Human HsVDAC1 P21796 78 DrVDAC3 NP_956511 71
HsVDAC2 NP_003366 79 Pufferfish TnVDAC1 CAG08797 77
HsVDAC3 Q9Y277 72 TnVDAC2 CAF98623 96
Mouse MsVDAC1 CAI24939 78 TnVDAC3 CAG05320 75
MsVDAC2 AAH03731 77 Logjaw mudsucker GmVDAC AAL24505 50
MsVDAC3 AAH04743 72 Snail LsVDAC2 AAT97091 55
Frog XlVDAC1 AAH46577 76 Dogfish SaVDAC AAF65254 82
XlVDAC2 P81004 88 Purple urchin SpVDAC2 XP_780266 66
XlVDAC3 AAH71123 77 Flounder PoVDAC DQ821474
Silurana XtVDAC1 NP_001016492 78 Fruit fly DmVDAC1 Q94920 34
XtVDAC2 NP_001016193 89 DmVDAC2 CAE45643 62
XtVDAC3 NP_001011249 74 DmVDAC3 NP_723625 15
Zebrafish DrVDAC1 AAQ97862 76 Yeast ScVDAC1 AAA35208 23
DrVDAC2 NP_955879 93 ScVDAC2 P40478 18
Note: Amino acid identity represents PoVDAC with other VDAC sequences (%).
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icant at P < 0.05.
2.5. Expression of PoVDAC and preparation of fish antiserum
The primers PoVDAC-F1 and PoVDAC-R1 (Table 1) were designed according to the full-length cDNA of PoV-
DAC sequence. The ORF of the PoVDAC was subcloned into plasmid pET32a(þ) (Novagen) between KpnI and
HindIII sites for construction of pET32a(þ)/PoVDAC expressing vector with a ampicillin-resistant gene.
The host strain BL21 (DE3) containing pET32a(þ)/PoVDAC plasmid was induced with isopropyl-1-thio-b-D-gal-
actopyranoside (final concentration 1 mM), and the bacterial cells were harvested by centrifugation after culturing for
4 h in a medium containing 50 mg/ml of ampicillin at 37 C. The SDS-PAGE electrophoresis gel was stained with
Coomassie Blue. The gel-purified fusion proteins pET32a(þ)/PoVDAC were used to immunize grass carp (Cteno-
pharyngoden idella) by intraperitoneal injection. Briefly, fish (weight about 300 g) was injected with approximately
100 mg recombinant PoVDAC proteins in 100 ml PBS. Identical booster immunizations were given 1, 2, 3 weeks later,
respectively. Antiserum was drawn by caudal venepuncture with a one-off syringe, and then collected and frozen
at 20 C for later analysis. Additionally, rabbit anti-grass carp IgM antibody was previously prepared in our lab
[unpublished data].
2.6. Western blot
For western blot, gel-purified recombinant VDAC proteins and heart extracts from flounder were lysed in electro-
phoresis sample buffer, respectively. The samples were electrophoresed in SDS-PAGE (12%) and subsequently trans-
ferred to PVDF (Millipore). The membrane was blocked with 5% dry milk in TTBS buffer for 1 h, and then incubated
with a suitable dilution of fish antiserum in TTBS buffer containing 1.0% dry milk and 0.05% Tween 20 at room tem-
perature for 1 h. After washing three times for 10 min, the membrane was incubated with rabbit anti-grass carp IgM
antibody at 1:100 dilution in TTBS for 1 h, washing again with TTBS, and then incubated with 1:2000 diluted alkaline
phosphatase conjugated goat anti-rabbit IgG (Vector) and the proteins were detected using BCIP/NBT.
2.7. Transient transfection
The primers PoVDAC-F2 and PoVDAC-R2 (Table 1) were designed according to the full-length cDNA of PoV-
DAC sequence. The ORF of the PoVDAC was subcloned into plasmid pEGFP-N3 (Clontech) between HindIII and
KpnI sites for construction of PoVDAC/pEGFP-N3 expressing vector with a kanamycin-resistant gene. The PoV-
DAC/pEGFP-N3 plasmids were extracted and purified by Plasmid Midiprep Kit (Omega Bio-tek). For subcellular
localization, FEC cells were cultured on a coverslip in the 6-well plates and transfected with plasmid PoVDAC/
pEGFP-N3 by Lipofectamine2000 (Invitrogen) following the instructions. Meanwhile, plasmid pEGFP-N3 was
also transfected as a control. The transient transfected-cells were fixed and rinsed as normal method at 96 h. Nucleuses
were visualized by staining with Hoechst 33342 in PBS for 15 min. Cells were examined under a fluorescence micro-
scope (Leica). The final image was overlayed by Adobe Photoshop software. They were representative of at least three
replicates.
Another PoVDAC expression construct was generated by cloning PoVDAC in pcDNA3 (Invitrogen) using primers
PoVDAC-F3 and PoVDAC-R3 (Table 1) between HindIII and XhoI sites. EPC cells were transfected using plasmid
PoVDAC/pcDNA3, and pcDNA3 plasmid was also transfected as a control. At 96 h posttransfection, apoptotic cells
were quantitated by fluorescence microscopy as described earlier [28], approximately 200 cells were counted for each
independent experiment (n ¼ 4).
2.8. Immunofluorescence and flow cytometry
The subcellular distribution of VDAC proteins in FEC cells was investigated further using immunofluorescence
methods. FEC cells grown on a coverslip in 6-well plates, were either normal or infected with about
2  107 TCID50/ml SMRV per well and fixed, permeabilized and blocked as normal method at 24 h postinfection.
After the cells were incubated with a suitable dilution of fish antiserum for 1 h, rinsed three times for 5 min, and
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with FITC-conjugated goat anti-rabbit antibody (Pierce). Negative controls were performed in the absence of the
primary antibodies. Other steps were done as described above. They are representative of at least five replicates.
The FEC cells were harvested and washed with PBS twice and suspended in 80% ethanol at 20 C for 24 h, then
thawed quickly at room temperature and centrifuged to collect the cells. The cells were washed with PBS twice again
and resuspended in PBS containing RNase A (100 mg/ml) and propidium iodide (50 mg/ml) for 30 min. The quanti-
tation of apoptotic cells were determined by the fluorescence of individual cells measured by flow cytometry
(Beckman-Coulter Epics Altra).
3. Results
3.1. Cloning and characterization of PoVDAC
The EST with a high level of homology to mammalian VDACs, which represents a Paralichthys olivaceus VDAC
homolog. The full-length cDNA of PoVDAC was further obtained based on RACE-PCR, the single PCR product was
obtained by amplification of the coding sequence corresponding to VDAC (Fig. 6A). It is 1380 bp in length, with an
ORF of 852 bp encoding a protein of 283 amino acid, a 50 untranslated region (UTR) of 139 bp, and a 30-UTR of
389 bp containing a polyadenylation signal (AATAAA) followed by a poly(A) tail. The predicted theoretical isoelec-
tric points (pI) is 8.65. A search for functional domains in the PROSITE database revealed that the PoVDAC contains
the eukaryotic mitochondrial porin pattern ([YH]-x(2)-D-[SPCAD]-x-[STA]-x(3)-[TAG]-[KR]-[LIVMF]-[DNSTA]-
[DNS]-x(4)-[GSTAN]-[LIVMA]-x-[LIVMY]) at position 225e247 amino acid residues of the C-terminus (Fig. 1).
Additionally, amino acid sequence comparison revealed the conservation among VDACs from flounder, human,
mouse, frog, zebrafish, fly and yeast. The four-element porin signature motif (PR00185) is indicated above the
VDAC sequences (Fig. 2). Throughout the sequence of PoVDAC, the typically conserved clusters of amino acid
residues (e.g., Glu73, Glu88, Asp89) were found at the same position as mammalian VDACs.
The putative 2D model of PoVDAC was obtained by computer-based analysis. An a-helix at the amino terminal
end and 13 membrane spanning b-strands were predicted, respectively. It contains several peptide loops of different
sizes on both sides of the membrane, the longest loop of the cytosol side which has a highly net positive charge (þ5.9)
at neutral pH. Two motifs, one for the protein kinase C (PKC) and the other for the casein kinase II (CK2) were ob-
served. The putative phosphorylation and N-glycosylated sites are shown in Fig. 3, respectively.
3.2. Homology and phylogenetic tree analysis
Blast search showed that PoVDAC amino acid sequence has variable homology with VDACs from other species
ranging from 93% identity with zebrafish to 18% identity with yeast. The highest homology was 96% identity with
pufferfish TnVDAC2 identified in this study (Table 2).
The phylogenetic tree shows that in vertebrates there are three clusters: cluster I, II and III (Fig. 4). The PoVDAC
belonged to the cluster II. This result indicated that flounder VDAC gene was the orthologous gene of corresponding
mammalian VDAC genes.
3.3. Inductive expression and tissue distribution of PoVDAC
Real-time PCR analysis showed a constitutive expression of the PoVDAC in FEC cells and all examined tissues.
The results showed that PoVDAC was more abundant in the virally treated FEC cells, by about 6-fold, than in control
cells (Fig. 5A). For expression level of PoVDAC, the similar results were achieved by flow cytometry analysis
(Fig. 5B). Additionally, the results indicated that PoVDAC was a significant higher expression in heart, muscle and
gill, abundant in intestine, brain and skin, less in spleen, kidney, liver and testis (Fig. 5C).
3.4. Characterization of fish antiserum against recombinant PoVDAC
The recombinant PoVDAC proteins expressed in E. coli cells were observed after Coomassie staining by SDS-
PAGE. We prepared fish antiserum and detected the recombinant PoVDAC in E. coli cells as a 44 kDa polypeptide
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position was observed in flounder heart lysates, a 32 kDa polypeptide band represents VDAC monomer (Fig. 6B).
Blocking of antiserum with purified recombinant VDAC protein resulted in disappearance of band corresponding
to VDAC protein (data not shown).
3.5. Overexpression of PoVDAC in fish cells
FEC cells transfected with PoVDAC/GFP fusion protein mainly localized to puncta in the cytoplasm, while GFP
protein alone distributed throughout both the cytoplasm and nucleus. Overexpression of PoVDAC in FEC cells
induced apoptotic cell death, as characterized by nuclear condensation indicative of apoptotic cells. Control GFP-
transfected cells showed normal nucleus (Fig. 7A). Close to 19% of EPC cells showed apoptotic cell death following
PoVDAC/pcDNA3 transfection, while control pcDNA3-transfected cells only come to 6.3% (Fig. 7B).
3.6. Distribution of VDAC and quantitation of apoptotic cells
Immunofluorescence signals of normal FEC cells displayed VDAC-like immunoreactivity in the cytoplasm, and
evenly distributed throughout the cells. SMRV-infected FEC cells showed mainly accumulated fluorescence, which
Fig. 1. Nucleotide sequence and deduced amino acid sequence of PoVDAC. The start codon (ATG) is boxed and the stop codon (TAA) is
indicated by an asterisk. The polyadenylation signal (AATAAA) is in bold and italic. The eukaryotic mitochondrial porin pattern is shaded at
position 225e247 of C-terminus.
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clear condensation, apoptotic body formation (Fig. 8A). The results indicated that the significant distribution changes
have occurred in apoptotic cells.
Furthermore, the apoptotic cells were determined as the hypoploid sub-G0/G1 peak (apoptotic peak) localized on
the left of normal diploid G0/G1 peak of the cell cycle, which were measured by flow cytometry analysis. The results
showed that the apoptotic peak of SMRV-infected cells was higher than that of normal cells, the percentage of apo-
ptotic cells increased significantly (11.1%), whereas the percentage in normal cells was 1.5% (Fig. 8B).
Fig. 2. Multialignment of VDAC amino acid sequences from human, mouse, frog, flounder, zebrafish, fly and yeast. Missing amino acids are
marked by hyphens. The eighth line shows the identical residues in all seven sequences as a consensus (Cs). Identical amino acids are shaded
in all seven VDACs, non-identical amino acids are indicated by dots in Cs sequence. The four-element eukaryotic porin signature motif is indi-
cated above the alignment. All sequences are available from either the GenBank or the SwissProt database. Hs (Homo sapiens), NP_003366; Mm
(Mus musculus), AAH03731; Xt (Xenopus tropicalis), NP_001016193; Dr (Danio rerio), NP_955879; Dm (Drosophila melanogaster), Q94920;
Sc (Saccharomyces cerevisiae), P04840; Po (Paralichthys olivaceus), DQ821474.
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Fig. 3. Putative 2D model of PoVDAC. An a-helix and 13b-strands are indicated by a cylinder and ribbons, respectively. The boxed residues
indicate amino acids conserved in VDACs. Putative phosphorylation sites for casein kinase II (CK2) and protein kinase C (PKC) are indicated
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Fig. 4. Phylogenetic tree of 28 VDACs from different organisms based on amino acid sequence. Unrooted tree was generated using neighbour-
joining method by the PHYLIP program package. The numbers next to the branches indicate percentage values for 1000 bootstrap replicates. The
scale bar indicates the branch length of 100 substitutions per site. The sequences of the VDACs used for analysis are derived from the GenBank
and SwissProt, and their accession numbers are listed in Table 2. PoVDAC, identified in this study, are underlined. VDAC was omitted in all of the
names.
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In the present study, a flounder Paralichthys olivaceus VDAC gene (PoVDAC) was cloned based on RACE-PCR,
and subsequently identified as a virally induced gene. A model based on computer-prediction for PoVDAC, which
forms a barrel-like structure that spans the membrane, consisting of one a-helix and 13 b-strands, is similar to human
VDAC [7]. Thus, these 14 structural elements may be essential for channel formation and functionality in flounder
[8,29]. The PoVDAC contains two extra-membranal peptide loops facing the cytosol, which is likely the site of
interaction with proteins and other soluble factors [30]. Recently, one nucleotide binding site has been verified in
0
2
4
6
8
10
12
14
0
2
4
6
8
R
el
at
iv
e 
ex
pr
es
sio
n 
un
its
R
el
at
iv
e 
ex
pr
es
sio
n 
un
its
Con Ind Con Ind
BA
0
10
20
30
40
50
R
el
at
iv
e 
ex
pr
es
sio
n 
un
its
Li
ve
r
Sp
le
en
Ki
dn
ey
Sk
in
H
ea
rt
M
us
cl
e
Br
ai
n
In
te
st
in
e
Te
st
is G
ill
*
*
*
C
Fig. 5. Inductive expression and tissue distribution of PoVDAC. (A) Induced expression of PoVDAC gene by UV-inactivated SMRV, relative
expression units were determined by real-time PCR. (B) Expression level of PoVDAC were achieved by flow cytometry analysis. (C) Tissue dis-
tribution of PoVDAC, relative expression units were determined by real-time PCR. Statistical analysis was performed with Student’s t-test and
differences were considered statistically significant at P < 0.05 (asterisks). The error bars represent SE.
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Fig. 6. Amplification of PoVDAC and western blot analysis using fish antiserum. (A) Agarose gel showing the PCR product obtained from
a SMART cDNA library by amplification of the coding sequence corresponding to VDAC. (B) SDS-PAGE: Lane Rec, IPTG induced bacteria
extract; lane Con, control bacteria extract; lane Mr, marker (kDa). Western blot: Lane Rec, the purified recombinant VDAC proteins; Lane Heart,
heart lysates from native flounder. The arrows indicated the corresponding proteins.
610 A.-J. Lu¨ et al. / Fish & Shellfish Immunology 23 (2007) 601e613rat VDAC [31]. It is noteworthy that the putative six phosphorylation sites of PoVDAC are located in loops between
b-strands, which need further verification by experiments.
The flounder VDAC has a constitutive expression in different tissues, suggesting VDAC may be involved in
mitochondrial energy metabolism [32,33]. In this study, the experiment in vitro has revealed that expression of PoV-
DAC mRNA was upregulated (about 6-fold) in response to virus infection. Our previous studies showed that viral in-
fection cells is indeed a stressful process [23,24]. Moreover, PoVDAC is likely a correlation with several known
immune-related genes (e.g., IFN, Mx, Hsp40) from flounder [22,34]. It was suggested that VDAC could potentially
serve as a biological stress sensor to virus stimuli, either directly or indirectly. To our knowledge, this is the first report
on the upregulation of VDAC gene in virally infected cells.
The expression level of VDAC may play a crucial factor in the process of mitochondria-mediated apoptosis [14].
Overexpression of PoVDAC in fish cells induced apoptosis. Similar results were also obtained upon cells transfection
with human VDAC [10,35]. The subcellular localization of PoVDAC by using fish antiserum demonstrated that the
significant distribution changes have occurred in virally infected cells. The differential expressions of VDAC might
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Fig. 7. Overexpression of PoVDAC in fish cells. (A) FEC cells transfected with PoVDAC/GFP fusion protein mainly localized to puncta in the
cytoplasm, which induced apoptotic cell death (arrows). Control GFP-transfected cells showed normal nucleus. Magnification: 480. (B) EPC
cells transfected with PoVDAC/pcDNA3 plasmid showed about 19% apoptotic cell death. Control pcDNA3-transfected cells only come to
6.3%. Data show the mean  SE (n ¼ 4).
611A.-J. Lu¨ et al. / Fish & Shellfish Immunology 23 (2007) 601e613reflect its different roles in unstressed and stressed cells [36]. VDAC is a multipotent factor [15]. A dual role of VDAC
has been revealed both maintenance of redox homeostasis in normal cells and promotion of anion efflux in apoptotic
cells [18]. Furthermore, virus-infected cells showed nuclear condensation, apoptotic body formation and fluorescence
intensity increasing. Apoptosis of virally infected cells has been recognized as a defence mechanism by which host
limits the virus [28,37]. However, the exact mechanism of VDAC gene to stress-induction remains elusive, especially
to viral infection [21,38]. Recent studies indicated that VDAC plays an important role in drug-induced apoptosis
[11,17]. It is known that arsenic trioxide could induce the upregulation of VDAC in apoptotic human myeloma cells
and increased expression of VDAC is correlated with mouse uterine epithelial apoptosis [9,39]. Taken together, our
results suggested that PoVDAC might be mediated fish antiviral immune response through induction of apoptosis. Fur-
ther studies should focus on whether and how PoVDAC induction is responsive to other virus or whether there is a link
with the IFN signalling pathway.
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